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1 | INTRODUCTION

Titanium dioxide (TiO,) coatings are widely used in
self-cleaning coatings
owing to their wear and corrosion resistance, and

biomedical applications and

Titanium dioxide (TiO,) powder mixed individually with 10 and 30 weight per-
centage (Wt%) ZnO was thermally sprayed onto a grade B API 5 L carbon steel
substrate by atmospheric plasma spraying. The effect of the addition of ZnO
(10 wt% and 30 wt%) on the microstructures and wettability properties of the
TiO,/ZnO coatings was investigated. The characterization of the coatings was
carried out using scanning electron microscopy, X-ray diffraction (XRD), laser
confocal microscope, and sessile droplet system. The XRD analysis of the coat-
ing revealed that the anatase phase of TiO, in the powder state transformed
into rutile phases for the produced TiO,/ZnO coatings. Surface microstruc-
ture analysis revealed that the coatings had typical micro-roughened surfaces of
plasma spraying products. The coating with 30 wt% ZnO produced a coating with
remarkable pores and microcracks compared with the TiO, coating and coating
with 10 wt% ZnO. Additionally, the increase in the wt% of ZnO increased the
surface roughness value of the produced coatings and substantially changed the
wettability properties of the TiO, coating from hydrophilic to hydrophobic.

KEYWORDS
TiO,/ZnO coating, wettability properties

biocompatibility.™* However, TiO, coatings have draw-
backs, such as failure caused by bacterial infection in
biomedical applications,” and TiO, photocatalytic activ-
ity is limited within the visible region owing to low
sunlight absorption.°® Hence, various methods have
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been tested to overcome this problem, including mixing
with different oxides such as zirconium oxide (ZrO,)
and stannic oxide (SnO,) to increase the photocatalytic
activity of Ti0O,.”'° Recently, TiO, coatings mixed with
zinc, silver, and copper were established to improve the
coatings’ photocatalytic and antibacterial activity.>*!!
Zinc oxide (ZnO) is an interesting alternative to TiO,
for enhanced photocatalytic and antibacterial activity
because it has lower cost and better photocatalytic activity
compared with other metal oxides, and high efficiency
in the processing and isolation of the electron-hole pairs
for photocatalytic applications that minimize bacterial
infection.'”'* Additionally, ZnO is often selected owing to
its superior advantages, including low cost, high quantum
efficiency, environmental efficiency, biodegradability, and
ease of alteration, in various microstructures.>® More-
over, TiO, and ZnO have very similar physicochemical
properties, including nontoxicity, thermal and chemical
stability, biocompatibility, and mechanical strength."> To
date, few studies have investigated the combination of
TiO, and ZnO, although the ratio of ZnO plays a vital role
in the photocatalytic and structural characteristics.”"
Furthermore, Moradi et al.'” reported that the addition
of ZnO to TiO, restricts light penetration and decreases
the photocatalytic activity. Tian et al.’’ observed poor
crystallization and cracks on the generated film when
the ZnO content was higher. Moreover, Zhao, Peng, and
You (2017) reported that the addition of ZnO alters the
topography of the TiO, coatings, which may be beneficial
for improving the biological performance.

Several methods for generating TiO,/ZnO ceramic coat-
ings using distinct TiO, and ZnO precursors have recently
been proposed. These techniques include sol-gel,>*?!
electrospinning,’”?* and chemical co-precipitation.'® All
of these techniques require precise synthesis control to
achieve materials with beneficial properties. The produced
coating exhibits various physicochemical properties and
structures depending on the process parameters. However,
the production of TiO,/ZnO coatings using plasma spray-
ing technology has rarely been reported, particularly for
TiO,/ZnO coatings using micro-sized feed powder in the
spraying process. The plasma spraying process is widely
used to fabricate metallic and ceramic coatings for wear
resistance, corrosion resistance, and thermal barrier appli-
cations. Therefore, in this study, we attempted to produce a
TiO,/Zn0 coating on a carbon steel substrate with a 10 wt%
and 30 wt% ratio of ZnO using atmospheric plasma spray-
ing systems. The objective was to investigate the effect of
ZnO addition on the surface characteristics of the gener-
ated coating in terms of the surface coating microstruc-
ture and morphology, surface roughness, and wettability
properties. The resultant TiO,/ZnO coating is expected to

TABLE 1 Process parameters of atmospheric plasma spraying
Parameter Value
Arc current (A) 600
Primary gas argon (psi) 80
Secondary gas helium (psi) 40
Carrier gas argon (psi) 30
Powder feed rate (rpm) 4
Spraying distance (mm) 80
Robot speed (mm/s) 250
Preheat (cycle) 2

be useful in mechanical industries that require antifoul-
ing and self-cleaning qualities that are consistent with the
original features of TiO, and ZnO.

2 | MATERIALS AND METHODS

In this study, a commercially available TiO, powder,
namely, Metco 102 from Oerlikon Metco (>99 wt%, parti-
cle size of 11-65 um), and ZnO powder supplied by Sigma
Aldrich (>99 wt%, particle size < 25 pym) were used as the
basic materials. The TiO, powders were mixed and recon-
stituted as feedstock powders for the plasma spraying pro-
cess with the addition of 10 wt% and 30 wt% ZnO. During
the mixing phase, 50 ml of deionized (DI) water was mixed
with 100 g of powder. The mixture was milled for 2 h, dried
for 24 h at 80°C, and sieved using 80-mesh sieves. The pow-
der particle size analysis of the prepared feedstock powders
was conducted using the Mastersizer Malvern Instrument.
The powder particle morphology was investigated using
scanning electron microscopy (SEM, Zeiss Leo 1450VP).

Then, using an atmospheric plasma spray device (SG-
100 torch, Praxair, USA), the TiO,/ZnO ceramic coatings
were deposited onto a grade B API 5 L carbon steel sub-
strate with the size of 30 cm (length) X 5 cm (width) X
7 mm (thickness). Before the spraying process, the sub-
strates were sandblasted using a 24-mesh aluminium grit
and ultrasonically cleaned in ethanol and DI water. The
dried substrate was sprayed with plasma under the param-
eters listed in Table 1.

The crystalline structures of all obtained TiO,/ZnO
ceramic coatings were analyzed by X-ray diffraction (XRD,
X’pert-Pro system) with a CuKa radiation wavelength of
A = 15406 A. The X-ray data were collected at a scanning
step size of .05° over the 26 range of 20—70°. The sur-
face morphologies of the coatings and the cross-sectioned
region were observed by SEM (Zeiss Leo 1450VP), and
the surface roughness (Ra) was investigated using an
Olympus LEXT OLS4000 laser confocal microscope. A
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1024 x 1024 pm image of the coated sample’s surface was
scanned, and the roughness profile was measured using
a 405-nm laser. The arithmetic mean surface roughness
property (Ra) parameter values were recorded in this inves-
tigation. To acquire an accurate assessment for each sam-
ple, an average of three surface roughness values was
taken. Porosity analysis on the different SEM images cap-
tured at different coating locations was carried out using
the ImagelJ software based on ASTM E2109-01 standard.
The coating’s cross-sectional image was observed using an
SEM (Zeiss LEO 1450VP) at a magnification of 100X at sev-
eral different random areas. The observed cross-sectional
surface images were then analyzed using computer soft-
ware to determine the average porosity percentage.

For the wettability test, static contact angle (CA) imag-
ing and the angle measurement of the TiO,/ZnO ceramic
coatings were carried out using a sessile droplet system
at ambient temperature and humidity. The static CA was
measured by placing a 1.0-uL sessile droplet of water on the
sample surface. The images were captured and analyzed to
calculate the CA. A high-speed camera (EasyDrop Kruss
GmbH) was used for the CA measurement. Image analysis
and measurements were carried out using the DSAI soft-
ware.

3 | RESULTS AND DISCUSSION

3.1 | Ti0,/ZnO as feed powders for
plasma spraying

Figure 1 shows the SEM images of the feed powders used
in this study. The coarse TiO, as-received powder exhibits
a typical morphology for the fused and crushed powders
(Figure 1A). The as-received ZnO powder used in this
study contained uniformly rounded particles, as shown in
Figure 1B. Figure 1C,D shows the ZnO (small particle) uni-
formly attached to the TiO, particles after the mixing pro-
cess and reconstituted as feedstock powders for the plasma
spraying process. After the milling process, the particle size
of the TiO, particle decreased by approximately 50% from
d(.5) = 32.7 um to d(.5) = 15.7 um and 16.4 um for the sam-
ples with 10 wt% ZnO and 30 wt% ZnO, respectively.

In the plasma spraying process, the powder morphol-
ogy and homogeneity of the particle composition are
crucial for the coating behavior, particularly at high
temperatures.’ The flow ability of the powders through
the injection system is affected by the shape and unifor-
mity of the particles. Owing to the weak flow ability, the
rate of powder feed is unstable, which results in inhomo-
geneous coating structures.’* The angular particles of the
as-received TiO, powder used in this study had a large sur-
face area, and their plane faces provided an extensive con-
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tact area with the adjacent particles.’* Therefore, the angu-
lar particles increased the inter-particle friction forces, and
the wear of the feeding systems increased during milling
and thereby eased the inclusion of ZnO into TiO,. More-
over, the high surface-to-volume ratio of the synthesized
TiO,/ZnO angular particles increased the potential reac-
tions with warm gases or the vaporization during plasma
spraying, which led to the increase of the finishing pores
and pore content in the produced coatings.?’

3.2 | XRD analysis, microstructure
morphology, and surface roughness
investigations of TiO,/ZnO coatings

Figure 2 shows the XRD analysis of the as-received TiO,
powder, as-received ZnO powder, TiO, coating, TiO,-
90 wt%/Zn0-10 wt% coating, and TiO,-70 wt%/ZnO-
30 wt% coating. The majority of rutile phase was observed
in this study for TiO, in the powder state, as well as anatase
phase (Figure 2A). The anatase phase in the powder state
transformed into rutile phases for the TiO,/ZnO coatings
produced. For the peaks at 26 = 35.09°, 44.21°, and 54.54°
(Figure 2A), the anatase phase has transformed into rutile
for the TiO, coating produced (Figure 2C). According to
other studies, the anatase phase is irreversibly transformed
into rutile at the temperatures of 500—600°C.%° In this
study, the transformation of the anatase phase to rutile
was caused by the high temperature during the plasma
spraying process, which resulted from the plasma melt-
ing the feed power during the deposition process at tem-
peratures exceeding 600°C. In turn, this resulted in the
observed phases of the TiO, ceramic coating being mainly
titania rutile (JCPDS 00-21-1276) planes (Figure 2C). The
rutile peaks of the Ti0,-90 wt%/ ZnO-10 wt% ceramic
coating and TiO,-70 wt%/ ZnO-30 wt% ceramic coating
slightly shifted to a greater angle compared with the TiO,
ceramic coating (Figure 2D,E). These results were further
supported by the values of 26 and d-spacing together with
their respective lattice structures of significant peaks of
TiO,/ ZnO coatings as given in Table 2. Peak shifts to
greater angles are generally a result of defect relaxation and
stress, as well as changes in the stoichiometry and chem-
ical composition.”’” Additionally, the unit cell parameter
(Table 3) indicates that the TiO, rutile structure decreases
by approximately .33 percent when ZnO is added. This is
most likely due to the components being mixed together.
A mixture of ZnO in a lower concentration than the TiO,
base material will occupy an interstitial position, altering
the lattice structure and increasing the XRD diffraction
angle.

Additionally, the sharp diffraction peak of the TiO,
ceramic coating indicates the high crystallinity of
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FIGURE 1

Scanning electron microscopy (SEM) images of feedstock powders: (A) as-received TiO, powder with d(.5) particle size of

32.679 um; (B) as-received ZnO powder with d(.5) particle size of 11.442 pum; (C) mixture of 10 wt% ZnO + 90 wt% TiO, powder with d(.5)
particle size of 15.732 um; (D) mixture of 30 wt% ZnO + 70 wt % TiO, powder with d(.5) particle size of 16.437 um

TiO,, which is attributed to the high purity of TiO,
(Figure 2C,D). However, the intensity of the major titania
diffraction peak of the TiO,-70 wt%/ ZnO-30 wt% coating
decreased when the ZnO content increased (Figure 2E).
This indicates that the presence of ZnO in the resulting
coating did not change the rutile phase of TiO,, owing to
the lower ZnO content used in this study.

Figure 3 shows the SEM micrographs of the surface
and cross-section images of the TiO,/ZnO coatings at
various wt% ZnO. As can be seen, all produced coat-
ings consisted of fully melted and unmelted areas, which
later developed a rough surface as shown in the SEM
surface images. Typical micro-roughened surfaces, which
are characteristic of plasma spraying products owing to
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A Rutile, TiO, TABLE 3 Lattice parameters for the rutile structures
(E) 4 A = Qr?gtase’ oy Lattice parameters (A)
s e & 4o Sample a=b c
TiO, coating 4.589 2.96
Ti0,-90 wt%/Zn0-10 wt% coating 4.587 2.95
TiO,-70 wt%/Zn0O-30 wt% 4.574 2.95
coating

20 25 30 35

50 55 60 65 70

40 45
Position [*2Theta]

FIGURE 2 X-ray diffraction (XRD) patterns of (A) as-received
TiO, powder; (B) as-received ZnO powder; (C) TiO, coating; (D)
Ti0,-90 wt%/Zn0O-10 wt% coating; (E) TiO,-70 wt%/Zn0O-30 wt%
coating

TABLE 2 Values of 26, d-spacing, and lattice structure of
significant peaks of TiO,/ZnO coatings
d-spacing

Coating 20 A) hkl
TiO, coating 27.464 3.245 110
36.056 2.489 101
41.226 2.188 111

54.337 1.687 211

56.631 1.624 220

68.999 1.360 301

Ti0,-90 wt%/ZnO- 27.472 3.244 110
AR 36.095 2.486 101
coating 41208 2.189 11
54.343 1.687 211

56.7 1.622 220

68.982 1.360 301

Ti0,-70 wt%/ZnO- 27.552 3.235 110
30 wt% 36.095 2.486 101
coating 41258 2186 11
54.393 1.685 211

56.65 1.623 220

68.982 1.360 301

the high-enthalpy plasma jet, were applied, and melt-
ing accelerated to form solidified splats on the substrate
corresponding to the melted areas during the spraying
process.” Additionally, small pores were discovered on
the surface of the coating, which is attributed to unmelted

particles. Figure 3B,C shows the surface microstructure
for ZnO additions with different wt%. As the ZnO wt%
content increased, significant pores on the surface were
clearly observed (Figure 3C). Additionally, numerous sur-
face microcracks were observed as the ZnO content
(wt%) increased. The TiO,-70 wt%/Zn0-30 wt% sample
had remarkable microcracks and pores on the surface
(Figure 3C). Similar observations were made for the coat-
ings in the cross-section images. Coating with 30 wt% ZnO
resulted in remarkable pores and lower thickness com-
pared with TiO,-90 wt%/Zn0-10 wt% and TiO, coating.

In this study, the development of a microcrack may
have been caused by the combination of the TiO,/ZnO
matrix reinforcement and unmelted particles. The use of
ZnO powder with a greater specific density (5.61 g/cm?®)
compared with that of TiO, (4.23 g/cm?) is considered to
have resulted in the formation of pores and microcracks.
Additionally, the high specific density of the ZnO pow-
der used in this analysis resulted in speed delay for par-
ticles approaching the substrate’s surface during the spray-
ing process. Therefore, a higher wt% ZnO addition resulted
in the formation of pores and microcracks, and in the
decrease of coating thickness as the wt% ZnO concentra-
tion increased. This is evident in the SEM image of the
cross-section of the TiO,/ZnO ceramic coating (Figure 3).

The cross-sectional microstructure of the coating exhib-
ited the strong adherence of coating to the substrate
(Figure 3). The cross-sectional images show that the TiO,
ceramic coating was dense and thick compared with the
Ti0,-90 Wt%/Zn0O-10 wt% and TiO,-70 wt%/Zn0O-30 wt%
samples. The TiO,-70 wt%/Zn0O-30 wt% sample exhibited
a thin coating under the same plasma spraying coating pro-
cess parameters. Nevertheless, in the SEM cross-sectioned
image, the microcracks on the surface of the coating are not
visible in the cross-sectional area, which indicates that the
resulting coating has good adhesion to the substrate sur-
face. The resulting microcrack was only observed at the top
surface area of the coating. This finding is in line with the
results of Zhao et al.,” who reported that TiO, coatings with
the highest ZnO content exhibited uneven and disorderly
morphologies owing to the high plasma spraying tempera-
ture and rapid cooling rates.

Figure 4 shows the surface roughness (Ra) values
of the TiO,/ZnO coating at a specific wt% ZnO. All
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FIGURE 3
coating, and (C) TiO,-70 wt%/Zn0O-30 wt% coating

of the developed TiO,/ZnO coatings have comparable
plasma-sprayed roughness values. However, ZnO mixing
significantly increased the surface roughness values of the
Ti0,-90 wt%/ Zn0O-10 wt% and TiO,-70 wt%/ ZnO-30 wt%
coatings compared with the TiO, coating. This param-
eter is associated with the pores and microcracks in the
obtained coating. The TiO,-70 wt%/Zn0O-30 wt% coating
exhibited remarkable pores and microcracks and achieved
the highest value of Ra = 6.075 + 1.401 pm. Generally, the
influence of surface roughness exerts a significant effect
on the coating properties and the coating’s functional
efficiency, such as wear,”® corrosion,”” magnetism,*
wettability,®! and bacterial adhesion.*” In this study, the
addition of ZnO to the TiO, coating enhanced the surface
roughness values and is thought to have affected the
wettability properties of the coatings.

Surface and cross section scanning electron microscopy (SEM) images of (A) TiO, coating, (B) TiO,-90 wt%/Zn0O-10 wt%

3.3 | Porosity analysis of TiO,/Zn0O
coatings

Porosity analysis was conducted on 10 different images for
each type of produced coating using SEM image analy-
sis and the Imagel software, as shown in Figure 5. The
TiO,-70 wt%/Zn0-30 wt% coatings have the highest aver-
age porosity percentage at 11.43% + .76%, and the TiO,-
90 wt%/ ZnO-10 wt% coatings have an average porosity
percentage of 8.01% =+ .79%. These findings are consistent
with the observations made in the SEM images shown in
Figure 3. The increase of the wt% of the ZnO content in the
coating increased the total porosity of the coatings.

In this study, the increasing porosity of the coating sur-
face was caused by the formation of plate coatings on
uneven substrate surfaces. The ZnO, which has higher



YUSUF ET AL.

Applied

Ceramic | 2219

8.000 - 6.075

7.000 -

6.000 - 4.890 5.011
5.000

4.000 -

3.000 -

2.000

1.000 -

0.000

Ti0,-90/ Zn0O-10 coating  TiO,-70/ ZnO-30 coating

Surface rouhgness (Ra, pm)

TiO, coating
FIGURE 4 Surface roughness (Ra value) of plasma-sprayed

TiO, coating, TiO,-90 wt%/Zn0-10 wt% coating, and TiO,-70 wt%/
Zn0-30 wt% coating

14.000

11.428
12.000

10.000 e
8.013
2z 8.000 17
&£ 6.000 4.667
4.000
2.000
0.000

Ti02-90/Zn0O-10 coating Ti02-70/Zn0-30 coating

Porosity

TiO2 coating
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density (5.61 g/cm?) compared with TiO, (4.23 g/cm?), is
believed to delay the particle arrival at the substrate sur-
face during the spraying process, which leads to the trap-
ping of air on the surface and the subsequent emergence
of porosity. Additionally, previous studies have shown that

CA=54.1°+0.17

CA=100.1°+0.78

TECH

the surface porosity of the coating is formed by trapped air
sacs and the process of solidification shrinkage that occurs
during the solidification process when the plasma spray-
ing process is carried out.>* The porosity is formed when
the area between the plates is curved and not covered with
other particles that are deposited thereafter.

3.4 | Water static CAs analysis

The water static CAs on the TiO,/ZnO ceramic coating
surfaces were investigated to understand the influence of
ZnO addition on the wettability of the TiO, coatings. As
shown in Figure 6, the water CA exhibits hydrophilic sur-
face properties for the TiO, ceramic coating sample at 54.1
+ .17°. The water CA significantly increased to 100.1 +
.78° after the addition of 10 wt% ZnO, which suggests that
the Ti0,-90/ Zn0O-10 ceramic coating possesses hydropho-
bic surfaces. The TiO,-70/ Zn0O-30 sample also exhibited
hydrophobic properties with a CA of 95.4 + .46°. In this
study, the hydrophobic surface properties of the TiO,/ZnO
ceramic coatings were determined by the coatings’ sur-
face morphology, structure, and coating composition. As
shown in Figure 4, the increase of the wt% of the ZnO
content tended to increase the coating structure and the
surface roughness values. The surface roughness values
increased with the generation of micro/nanostructures.
Consequently, with a high surface roughness value (TiO,-
70/ Zn0-30), the water CA is comparatively high and
results in hydrophobicity properties, whereas with a low
surface roughness value (TiO, coating), the water CA is
low, which indicates a coating with high wettability prop-
erties. However, there are no clear cut correlations between
the surface with high surface roughness properties, and the
surface wettability properties were found. For example, in
this study the TiO,-70/ ZnO-30 coating shows the highest
surface roughness value properties with a CA 0f95.4 + .46°
compared to the TiO,-90/ ZnO-10 coating with highest CA

CA=95.4°+0.46

FIGURE 6 Water static contact angle (CA) on (A) TiO, coating, (B) TiO,-90 wt%/Zn0O-10 wt% coating, and (C)

TiO,-70 wt%/Zn0-30 wt% coating
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of 100.1 + .78°. In this situation, it demonstrates that the
coating composition (surface chemistry) is more essential
than the surface morphological aspects, as the roughness
attributes had no effect on the coating wettability prop-
erties. This observation is explained by the fact that the
surface chemistry plays a significant role in defining the
intrinsic wetting behavior of ideally surfaces.**

According to the Cassie-Baxter model of the wettability
of a rough surface, liquid drops cannot reach enough tiny
cavities on the surface, and so they lie on the top of the
asperities, which results in a composite interface that con-
tains trapped air in the cavities.*® Therefore, rough surface
properties consisting of a micro/nanostructure are cru-
cial for achieving hydrophobic performance. To attain the
hydrophobic condition, the surface roughness of the mate-
rial must exceed that of the Cassie-Baxter model, which is
considered as a composite film comprising rough surface
material, with air trapped in the micro/nanostructured
cavities.’® Furthermore, in this study, an increase in
the wt% of the ZnO content resulted in the coatings
having hydrophobic properties that can improve water
resistance.’” The TiO, coating reduces the CA and given
surface to create a hydrophilic surface that increases the
self-cleaning ability.?"

4 | CONCLUSION

The plasma spraying method was employed to deposit
the TiO, coating with 10 wt% and 30 wt% ZnO on a
grade B carbon steel substrate. The coating properties
associated with long-term performance, such as surface
morphology, surface roughness, and wettability, were
investigated as a function of the amount of ZnO (wt%)
mixed into the TiO, ceramic coatings. The addition of
10 wt% and 30 wt% ZnO into the TiO, coating did not
change the rutile structure of the titania phase. The
surface characteristics of all coatings exhibited micro-
roughness properties, and the mixing of ZnO at 30 wt%
increased the number of remarkable pores observed on
the coating, which resulted in high surface roughness. The
addition of ZnO to TiO, resulted in hydrophobic surface
properties.
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